A growing body of evidence supports the therapeutic effects of blueberry in neurodegenerative disorders. Biotransformation of blueberry juice by Serratia vaccinii bacteria increases its phenolic content and antioxidant activity. In neuronal cell culture, biotransformed blueberry juice (BJ) significantly increased the activity of antioxidant enzymes, namely catalase and superoxide dismutase. Moreover, BJ protected neurons against H 2 O 2 -induced cell death in a dose-dependent manner. This associated with the upregulation of mitogen-activated protein kinase (MAPK) family enzymes p38 and c-Jun N-terminal kinase (JNK) activation, as well as with the protection of extracellular signal-regulated kinase (ERK1/2) and MAPK/ERK kinase (MEK1/2) activity loss induced by H 2 O 2 . The present studies demonstrate that BJ can protect neurons against oxidative stress possibly by increasing antioxidant enzyme activities and activating p38-and JNK-dependent survival pathways while blocking MEK1/2-and ERK1/2-mediated cell death. Thus, BJ may represent a novel approach to prevent and to treat neurodegenerative disorders, and it may represent a source of novel therapeutic agents against these diseases.
Oxidative neuronal cell damage has been implicated in the pathogenesis of neurodegenerative disorders such as Alzheimer's disease, Parkinson's disease and amyotrophic lateral sclerosis (1 -4) . It is mediated by reactive oxygen species, including H 2 O 2 , superoxide anion and hydroxyl radicals, which are generated as by-products of normal and irregular metabolic processes. Reactive oxygen species attack cellular biomolecules and disrupt cellular function and membrane integrity, thereby leading to apoptosis (2, 5, 6) . As a major component of reactive oxygen species, H 2 O 2 induces apoptosis in many different cell types, and therefore, it has been extensively used as an inducer of oxidative stress in in vitro models (7 -9) . Exposure to reactive oxygen species from a variety of sources has led organisms to develop a series of defence mechanisms. Such mechanisms involve prevention, repair, physical defence and antioxidant defence. Non-enzymatic antioxidants are represented by glutathione, ascorbic acid (vitamin C), a-tocopherol (vitamin E) and carotenoids. Enzymatic antioxidant defence includes superoxide dismutase (SOD), glutathione peroxidase and catalase (CAT) (10) . However, the effects of SOD may become deleterious when it is overexpressed because of the resulting H 2 O 2 production (11) . The mitogen-activated protein kinase (MAPK) family plays a critical role in the cellular response to a wide range of stimuli. Indeed, the dynamic balance between branches of the MAPK family, namely extracellular signal-regulated kinase (ERK1/2), c-Jun N-terminal kinase (JNK) and p38 MAPK, is implicated in regulating cell death/survival (10, 12) . Several mechanisms are involved in the specificity of different, even opposing signals of the MAPK family, including (i) duration and strength of the signal, (ii) interaction with various scaffold proteins, (iii) subcellular localisation, (iv) presence of several isoforms, (v) extensive cross-talk and interplay between MAPK cascade and other pathways; (vi) post-translational modifications other than phosphorylation (13) . Furthermore, the spatial distribution and temporal qualities of MAPK can markedly alter the qualitative and quantitative features of downstream signalling to immediate early genes and the expression of immediate early genes-encoded protein products. As a result, immediate early gene products provide a molecular interpretation of MAPK dynamics, enabling the cell to program an appropriate biological response (12) . Natural antioxidants have been reported to play a major role in blocking oxidative stress induced by free radicals. Supplementation with fruits and vegetables rich in polyphenols is beneficial for both forestalling and reversing the deleterious effects of ageing on neuronal communication and behaviour (14 -17) . The observed protection may be due to the antioxidant and anti-inflammatory properties of the polyphenolic compounds found in these fruits and vegetables (9,18 -20) . Blueberries show the highest antioxidant capacity among all fruits and vegetables (21) . Blueberries and their phenolic compounds, such as anthocyanins and flavonoids, have been identified as potential contributors of amelioration of neuronal cell dysfunction (22 -25) . Biotransformation of blueberry juice with a novel strain of bacteria isolated from the blueberry flora and named Serratia vaccinii increases its phenolic content and antioxidant activity (26) . It also modifies the biological activity of biotransformed blueberry juice (BJ), such as inhibiting NO production in macrophages (27) and increasing its antiobesity and antidiabetic effects (28, 29) . The aim of the present study was to assess the neuroprotective property of BJ against H 2 O 2 -induced oxidative stress in cultured neuronal cells.
Materials and methods

Preparation of fermented blueberry juice
Mature lowbush blueberries (Vaccinium angustifolium Ait.) were purchased from Cherryfield Foods, Inc. (Cherryfield, ME, USA) as fresh and untreated fruits. Blueberry juice was extracted by blending the fruits (100 g) in a Braun Type 4259 food processor with an equivalent quantity (100 g) of Minimal Broth Davis without dextrose (Difco Laboratories, Detroit, MI, USA). The fruit mixture was then centrifuged at 500 g for 6 min to remove fruit skin and insoluble particles. The resulting juice was sterilised using 0·22 mm Express Millipore filters (Millipore, Etobicoke, ON, Canada).
Serratia vaccinii bacteria were cultured as described previously (26) . The juice was inoculated with a saturated culture of Serratia corresponding to 2 % of the total juice volume. After a 4 d fermentation period, the transformed juice was sterilised by 0·22 mm filtration. The total phenolic content was then measured by the Folin-Ciocalteau method using gallic acid as the standard, and hence expressed as mM gallic acid equivalent. The total phenolic content was increased from 4581 to 19 338 mM-gallic acid equivalent, confirming successful transformation. Normal blueberry juice (NJ) and BJ have been partially characterised as described elsewhere (26, 30) .
Cell culture
Murine N2a neuroblastoma cell line was obtained from the American Type Cell Collection (Chicago, IL, USA). Cells were cultured in minimum essential medium containing fetal bovine serum (10 %, v/v; Sigma-Aldrich, Oakville, ON, Canada) and penicillin/streptomycin (0·05 mg/ml) at 378C in a humidified atmosphere with 5 % CO 2 in twenty-four-well plates for viability and toxicity experiments, twelve-well plates for SOD activity experiments and six-well plates for enzyme activity and signalling experiments.
Viability and toxicity assay
Cell viability was assessed by water-soluble tetrazolium salt-1 (WST-1) assay (Roche, Laval, QC, Canada). Briefly, after pretreatments with blueberry juices, H 2 O 2 was added at a final concentration of 0·75 mM for 24 h. WST-1 was added (10 %, v/v) and incubated at 378C for 2 h. The absorbance was measured at 450 nm in a plate reader (Wallac Victor 2; Perkin-Elmer, St-Laurent, QC, Canada).
In preliminary experiments, H 2 O 2 induced a 30-35 % cell loss at 0·75 mM. This concentration was used for all the experiments thereafter. The protective effect of BJ was maximised if cells were pretreated with BJ for 1 h before adding H 2 O 2 .
Cell toxicity was measured by lactate dehydrogenase assay (Roche). After treatments, 100 ml of the culture medium were transferred to a ninety-six-well plate. Cells were lysed with 0·1 M-NaOH for 10 min on ice, and 100 ml of lysate were transferred to a ninety-six-well plate. One hundred microlitres of assay mixture were added to each well, and incubated at room temperature for 10 min. The absorbance was measured at 450 nm.
GSH:GSSG ratio
GSH:GSSG ratio was measured using BIOXYTECH GSH/ GSSG-412e kit (OxisResearche, Foster City, CA, USA). After treatments, cells were placed on ice and washed twice with ice-cold Krebs phosphate buffer. Twenty microlitres of scavenger were added to GSSG sample, while 20 ml of buffer were added to GSH sample. Cells were then lysed in 200 ml of lysis buffer (50 mM-Tris -HCl (pH 7·5)/0·5 % Triton X-100). Lysed cells were scraped and transferred to microcentrifuge tubes. Samples were allowed to lyse for an additional 15 min on ice with periodic vortexing. The lysates were centrifuged at 300 g at 48C for 10 min, and the samples were used for determination of GSH:GSSG ratio according to the manufacturer's instructions.
Enzymatic activity assay SOD enzyme activity was measured using the SOD Assay Kit-WST (Dojindo Molecular Technologies, Inc., Gaithersburg, MD, USA). After treatments, cells were placed on ice and washed twice with ice-cold Krebs phosphate buffer. Cells were lysed in 200 ml of lysis buffer (50 mM-Tris-HCl (pH 7·5)/0·5 % Triton X-100). Lysed cells were then scraped and transferred to microcentrifuge tubes. Samples were allowed to lyse for an additional 15 min on ice with periodic vortexing. The lysates were centrifuged at 300 g at 48C for 10 min, and 20 ml of this sample solution were used for determination of SOD enzyme activity according to the manufacturer's instructions. CAT activity was determined by adding 900 ml of 30 mM-H 2 O 2 to 100 ml of the cell lysate. The disappearance of H 2 O 2 was monitored at 240 nm for 1 min.
Western blot analysis
After treatments, cells were placed on ice and washed three times with ice-cold Krebs phosphate buffer. Cells were lysed in radioimmunoprecipitation assay lysis buffer (50 mM-HEPES, pH 7·4, 150 mM-NaCl, 5 mM-EDTA, 2 mM-MgCl 2 , 1 % Triton X-100, 1 % sodium deoxycholate and 0·1 % SDS) containing protease inhibitors (2 mM-phenylmethylsulphonylflouride and Complete Mini protease inhibitor cocktail tablets (Roche)) and phosphatase inhibitors (0·5 mM-NaF, 2 mMsodium orthovanadate and 1 mM-sodium pyrophosphate). Lysed cells were then scraped and transferred to microcentrifuge tubes. Samples were allowed to lyse for an additional 15 min on ice with periodic vortexing. Lysates were then centrifuged at 4500 g, and supernatants were collected and stored at 2 808C until further analysis.
Protein concentration of lysates was assessed using the bicinchoninic acid colorimetric method (Pierce, Rockford, IL, USA) according to the manufacturer's instructions. From each sample, 120 mg of total protein were loaded onto an 8 % acrylamide gel, and were separated at 48C for 3 h at 75 mA, followed by 15 h at 20 mA, using a Protean II electrophoresis apparatus (BioRad, Missisauga, ON, Canada). Separated samples were then electrotransferred onto polyvinylidene fluoride membranes (Millipore) at 48C for 90 min at 1 A using a Transblot apparatus (BioRad). Membranes were stained with Ponceau red solution (5 %, in acetic acid; Sigma) and photographed, and were then washed in Tris-buffered saline Tween-20 (TBST, 50 mM-Tris, pH 7·4, 150 mM-NaCl and 0·5 % Tween-20) followed by blocking in TBST þ5 % non-fat dried milk for 1 h at ambient temperature. Membranes were incubated overnight at 48C with the following antibodies: rabbit anti-phospho-mitogenactivated protein kinase/extracellular signal-regulated kinase kinase (MEK1/2; Ser217/221), rabbit anti-phospho-p38 MAPK (Thr180/Tyr182), mouse anti-phospho-ERK1/2 (Thr202/Tyr204) and rabbit anti-phospho-stress-activated protein kinase (SAPK)/ JNK (Thr183/Tyr185) (cat #9121, #9211, #4377, #9251, respectively; Cell Signaling Technology, Incorporation, Danvers, MA, USA) at 1:1000 dilution in TBST þ5 % bovine serum albumin. Membranes were then incubated for 60 min at ambient temperature with horseradish peroxidase-conjugated anti-rabbit or anti-mouse secondary antibodies (Jackson Immunoresearch Laboratories, Incorporation, West Grove, PA, USA) at 1:100 000 dilution in TBST þ5 % milk. After washing with TBST, the blots were revealed using the enhanced chemiluminescence method (Amersham, Piscataway, NJ, USA) on a blue-light-sensitive film (Amersham). Densitometric analysis was performed using a Hewlett-Packard flatbed scanner and NIH software Image J 1.37v.
Statistical analysis
Statistical analysis of the data by two-way ANOVA and Fisher's post hoc tests was performed using StatView software (Cary, NC, USA). Statistical significance was set at P# 0·05. Data are reported as mean values with their standard errors.
Results
Biotransformed blueberry juice protects neurons against hydrogen peroxide-induced cell death
To investigate the potential protective effects of blueberry juices in vitro, N2a neuroblastoma cells were treated with H 2 O 2 in their presence or absence. H 2 O 2 alone induced significant loss of cell viability in a dose-dependent manner (data not shown), whereas sterile BJ or NJ alone were non-toxic.
Co-treatment with BJ significantly protected neurons against H 2 O 2 -induced oxidative stress in a dose-dependent manner, and completely abolished H 2 O 2 toxicity from a concentration of 30 mM-gallic acid equivalent onwards, whereas NJ did not show any effect (Fig. 1) .
Because the WST-1 assay is based on mitochondrial activity and the latter can be affected by plant polyphenolic compounds (31) , we confirmed the present results with the lactate dehydrogenase assay. Again, H 2 O 2 induced dosedependent neuronal cell death that was countered by BJ but not by NJ (Fig. 2) .
Biotransformed blueberry juice preserves GSH/GSSG balance
Neither NJ nor BJ alone affected the GSH:GSSG ratio, whereas H 2 O 2 significantly decreased GSH:GSSG ratio by 19 % after 30 min and by 21 % after 4 h. However, H 2 O 2 significantly lost its tendency to reduce the GSH:GSSG ratio in BJ-pretreated neurons, while no significant difference was observed in NJ-pretreated cells (Fig. 3) . Biotransformed blueberry juice increases catalase and superoxide dismutase activities When administered alone, BJ increased CAT activity in N2a cells. CAT activity reached the highest level after a 4 h treatment (0·13 (SEM 0·02) v. 0·09 (SEM 0·01) mM/min per mg protein, 4 v. 0 h, P, 0·05), and then gradually decreased towards control values (Fig. 4) . In contrast, control and NJ-treated cells displayed a rather stable CAT activity over the 24 h experimental period. When H 2 O 2 alone was added, CAT activity increased rapidly and reached the highest level after 24 h (0·13 (SEM 0·02) v. 0·08 (SEM 0·01) mM/min per mg protein, H 2 O 2 v. control at 24 h, P, 0·05). Neither BJ nor NJ treatment could significantly affect H 2 O 2 actions even though BJ treatment had lowered H 2 O 2 -increased CAT activity (Fig. 4) .
BJ, but not NJ, rapidly and significantly increased SOD activity when administered alone (Fig. 5) . However, SOD activity returned to the basal level after 24 h. H 2 O 2 by itself gradually increased SOD activity. SOD activity reached the highest level after 4 h, and then remained constant at this level. When H 2 O 2 was added to BJ-treated cells, SOD activity was slightly increased, and then returned to the basal level after 24 h (Fig. 5) . As for CAT, NJ pretreatment did not show any effect (data not shown).
Biotransformed blueberry juice protection is associated with the activation of c-Jun N-terminal kinase and mitogenactivated protein kinase p38
Exposure of N2a cells to BJ alone triggered the activation of both p38 MAPK (Fig. 6) and JNK (Fig. 7) , while NJ did not show any effect compared with the vehicle control. BJ induced maximal phosphorylation of p38 MAPK by 90 % after 30 min (Fig. 6) , and of JNK by 66 % after 2 h (Fig. 7) . While H 2 O 2 did not modify JNK phosphorylation (Fig. 7) , it (Figs. 6 and 7) . For both enzymes, NJ treatment gave results indistinguishable from those observed for vehicle control or H 2 O 2 groups, respectively (data not shown).
Biotransformed blueberry juice inhibition of hydrogen peroxide toxicity is associated with the protection of mitogen-activated protein kinase/extracellular signal-regulated kinase kinase1/2 and extracellular signal-regulated kinase1/2 activities Baseline MEK1/2 phosphorylation exhibited a gradual and steady decline within the 4 h experimental period, and this was not affected by either NJ or BJ treatments (Fig. 8) . In contrast, ERK1/2-activated state remained stable in control and NJ-and BJ-treated groups (Fig. 9) . When H 2 O 2 was added to N2a cells, MEK1/2 and ERK1/2 phosphorylations were rapidly and significantly decreased by half within 30 min (Figs. 8 and 9) . ERK1/2 then gradually increased to the initial level by 2 h, while MEK1/2 remained stable at its new low level. In BJ-treated cells, there were no significant changes in MEK1/2 and ERK1/2 activities induced by H 2 O 2 ( Figs. 8 and 9 ).
Discussion
Blueberry and blueberry products have been demonstrated to possess the potential to reduce age-related neurodegeneration and to enhance motor and cognitive functions (14, 17) . Our group has discovered a bacterium from the blueberry flora that can biotransform blueberry juice (26) . This greatly accentuates its antioxidant potential (26, 32) , and endows it with novel anti-inflammatory (27) and antidiabetic (28, 29) biological activities. In the present study, we sought to explore the effect of such a biotransformation on the neuroprotective potential of blueberry juice. We chose H 2 O 2 as a source of oxidative stress because it is formed endogenously as a natural by-product of enzymatic oxidase action or as a product of the dismutation of superoxide anion catalysed by SOD (3) . It contributes to the background level of cellular oxidative stress (33) . It is generally accepted that the antioxidant enzymes CAT and glutathione peroxidase can protect cells from the effects of basal H 2 O 2 production (34) . The administration of exogenous H 2 O 2 can elevate oxidative stress beyond the protective capacities of endogenous antioxidant defence systems, resulting in apoptosis or necrosis of cultured neurons (35) . We also chose murine neuroblastoma cells of the N2a line because they have been widely employed to investigate the antioxidant mechanisms involved in neurotoxicity, neuroprotection and neuronal repair (8, 36, 37) . In the present study, H 2 O 2 (0·75 mM) caused a significant decrease in cell viability (35 %), but pretreatment of N2a cells with BJ blocked this oxidative stress-induced cytotoxicity in a dose-dependent manner. Similar protection was not found with NJ.
One of the first-line defence mechanisms against H 2 O 2 -induced toxicity is the antioxidant enzyme CAT. We found that BJ treatment alone significantly increased CAT activity by 44 %, and this was consistent with the parallel protection of neuronal cells against oxidative stress attack by H 2 O 2 . The mechanism through which BJ increased CAT activity is unknown. However, since the increase in CAT activity in BJ-treated neurons required at least 4 h to be fully expressed, BJ might act via both transcriptional and translational mechanisms.
Another important enzymatic antioxidant defence mechanism involves SOD. Indeed, upregulation of SOD activity has been associated with neuroprotective capabilities in certain studies (38) . However, since SOD-catalysed reactions also elevate endogenous H 2 O 2 , overexpression of SOD can also cause deleterious effects (11) . In fact, excessive H 2 O 2 production caused by SOD overexpression has been implicated in the brain injury observed after perinatal hypoxia-ischaemia (39) . In our study, H 2 O 2 clearly increased SOD activity, which was maintained at a high level over 24 h. This may appear paradoxical, but it could simply be indicative of the state of oxidative stress induced in neuronal cells by our experimental conditions. When cells were pretreated with BJ, however, the rise that H 2 O 2 induced in SOD activity was blunted, and the activity returned to normal levels within 24 h. These results further support the notion that BJ protected neurons from H 2 O 2 -induced oxidative stress.
Apart from enzymatic antioxidant system, non-enzymatic protective mechanisms exist, one of the most important being the GSH:GSSG system (10) . In our experimental conditions, GSH:GSSG ratio was reduced by H 2 O 2 treatment, as expected if oxidative stress overcomes the capacity of this antioxidant system. In cells pretreated with BJ, this reduction of GSH:GSSG ratio was lost. Surprisingly, BJ alone did not modulate the GSH:GSSG ratio, and similarly, it had no impact on GSH production (data not shown). One can speculate that GSH reductase and GSH peroxidase activities have been modulated by BJ, and further studies are necessary to address this point. Nonetheless, it is well known that phenolic compounds, such as quercetin, epicatechin, mangiferin, patuletin, nepetin, and axillarin, can increase both GSH reductase and GSH peroxidase activities (40 -42) . Although H 2 O 2 has been widely used to study the underlying molecular mechanisms of neurotoxicity and neuroprotection in N2a cells, detailed information on the cell death pathways involved is still lacking, notably at the level of the three branches of the MAPK family, namely ERK1/2, JNK, and p38 MAPK. The present study investigated the kinetics of these members of the MAPK family after H 2 O 2 challenge. To our knowledge, this has not been reported previously in the N2a cell system.
We found that H 2 O 2 first induced a transient inactivation of both JNK and ERK1/2 while increasing p38 MAPK activity within 30 min. Then, ERK1/2 activity gradually returned to basal levels by 4 h, whereas both JNK and p38 MAPK activities were decreased to exhibit prolonged inactivation after 4 h. Both transient activation of p38 MAPK and prolonged activation of ERK1/2 have been correlated with H 2 O 2 -induced neurotoxicity in PC12 cells (43, 44) . The mechanisms by which H 2 O 2 decreased both JNK and ERK1/2 phosphorylations are unknown. However, since MEK1/2 phosphorylation was also observed to decrease, this inactivation may be regulated by phosphatases with or without cross-talk between MAPK pathways. Recently, dual-specificity phosphatases, generally termed MAPK phosphatases, were found to control the spatiotemporal regulation of ERK1/2 and cross-talk between MAPK pathways (45) . Further studies are necessary to clarify the involvement of MAPK phosphatases in the effects observed herein.
NJ did not show any effect on either basal or H 2 O 2 -induced MAPK member phosphorylations, and results were generally similar to the respective controls. In contrast, pretreatment with BJ rapidly increased basal p38 and JNK phosphorylations, which remained elevated for up to 4 h. Conversely, BJ did not have any influence on the basal behaviour of MEK1/2 or ERK phosphorylation observed in vehicle controls over the 4 h experimental period. In general, BJ significantly reduced the initial changes in the MAPK family member phosphorylation state described earlier after treatment with H 2 O 2 . Therefore, modifications in MAPK family enzymes appear to contribute to the protection of neurons against H 2 O 2 -induced cell death afforded by BJ. Indeed, although the role of JNK and p38 MAPK in apoptosis has been established in some cell lines, they have also been shown to contribute to survival, development and differentiation depending on their active isoform (13) . For examples, JNK1 and JNK2 were initially believed to possess redundant functions; however, it was found that JNK1 preferentially mediates apoptosis, whereas JNK2 is associated with cellular proliferation (46) . Similarly, MAPK p38a and p38b are involved in apoptosis, whereas MAPK p38g and p38u are more effective in cell survival (47, 48) . Further studies are needed to address the involvement of p38 MAPK and JNK isoform stimulation and ERK1/2 inactivation in the neuroprotective effect of BJ. For instance, in the case of H 2 O 2 -induced inactivation of MEK1/2 and ERK1/2, BJ could have prevented these effects of the oxidant stress by blocking MAPK activity; future studies should address this possibility.
One of the first hypotheses that come to mind to explain the neuroprotective action of BJ relates to direct antioxidant mechanisms (49) . Indeed, the total phenolic content in BJ was increased more than four times compared with NJ, with such compounds being well known for their antioxidant potential (26) . For example, epigallocatechin-3-gallate, a phenolic compound from green tea, was recently found to accumulate in the mitochondria where it acts locally as a free radical scavenger to protect neurons (50) . In view of the heightened content in BJ, such an accumulation of phenolic compounds in the mitochondria may have been enhanced, with an expected increase in the free radical-scavenging capacity to protect neurons against oxidative stress. Moreover, the biotransformation of blueberry juice not only increases its phenolic content, but also produces novel compounds (26) . Given that BJ was added at a gallic acid equivalent that was equal to that of NJ, one interesting possibility is that these novel compounds possess more potent antioxidant properties that could have contributed to protect neurons, as opposed to components of NJ. This hypothesis should be tested once the novel bioactive compounds in BJ are identified.
Another hypothesis to explain the observed BJ neuroprotective activity is the pro-oxidant hypothesis (51) . Indeed, some phenolic compounds present in BJ may act as weak oxidants, thereby activating antioxidant defence mechanisms as observed herein for CAT (52) . If neuronal cells defence systems were so prepared by BJ before H 2 O 2 was added, H 2 O 2 -induced deleterious effects may thus have been inhibited. However, the pro-oxidant hypothesis also raises a limitation in our study. Indeed, some phenolic compounds, such as EGCG, can be oxidised in culture media, and form H 2 O 2 ( 51) . Therefore, neurons pretreated with BJ and NJ may have been exposed to concentrations of H 2 O 2 greater than that expected based on the amounts added in our experimental protocols. However, this increased H 2 O 2 concentration does not appear to have had a significant deleterious impact because H 2 O 2 -induced cell death did not increase in NJ or BJ groups. On the contrary, if anything, such considerations only further highlight the significant beneficial neuroprotective effect of BJ, which may well be related to the changes in blueberry juice composition after the biotransformation.
In summary, the results of the present study indicate that BJ possesses a strong neuroprotective potential against H 2 O 2 -induced oxidative stress in the N2a neuronal cell line in vitro. BJ increased antioxidant enzyme activity as well as p38 MAPK and JNK activation while blocking H 2 O 2 -induced ERK1/2 activity modifications. We speculate that it is a combination of these various actions of BJ that contributed to protect neurons against cell death induced by oxidative stress. Although the active principles and their precise mechanisms of action remain to be identified, BJ may represent a promising approach to prevent and treat neurodegenerative disorders, and it may represent a source of novel therapeutic agents against these diseases.
